ABSTRACT Hyperthermia treatment of tumours surrounded by healthy tissues can be enhanced using radiative heating of embedded gold nanoparticles (GNPs) due to their optical resonance absorption in the so-called optical therapeutic window. In this paper resonance absorption of gold nanorods (GNRs) and correspondent heat generation in GNR solutions was studied both numerically and experimentally. The calculations based on the discrete-dipole approximation (DDA) showed a consistent relationship between the maximum absorption efficiency and the nanorod orientation with respect to the incident radiation. Additionally, the plasmonic wavelength and the maximum extinction efficiency of a single nanorod were shown to increase linearly with its aspect ratio when the nanorod volume was fixed. The wavelength of the surface plasmonic resonance (SPR) was found to change when the gold nanorods were closely spaced. Specifically, a shift and broadening of the resonance peak in the optical spectrum was obtained when the distance between the nanorods was about 50 nm or less. In parallel to numerical simulations, the optical experiment was performed where the transmission and reflection of suspended nanorods at various volume fractions were measured by a spectrophotometer to investigate their capability of absorption and heating. The plasmonic wavelength of the nanorods solution was shown to be around 780 ± 10 nm, which was in good agreement with computational predictions for coupled side-by-side nanorods. The temperature of solution heated by near infrared light was also measured in the laboratory experiments at various volume fractions of suspended nanorods. It was found that the rate of increase for both the temperature of solution and the absorbed light diminished when the volume fraction of suspended nanorods reached about 1.24 × 10 −6 . This can be explained by partial clustering of nanorods at their high volume fractions in water.
INTRODUCTION
Potential of nanoparticle hyperthermia therapy to treat cancer diseases has been widely investigated in the last decade (Melancon et al. [2008] , Huang et al. [2008] , Huang and El-Sayed [2011] and Austin et al. [2014] ). Because of the enhanced permeability and retention effect, GNPs conjugated to specific antibodies or other targeting ligand can easily penetrate leaky tumour blood vessels and selectively target cancerous cells. The significance of using GNPs for hyperthermia treatment arises because of their unique strong optical resonance absorption of near infrared light in the so-called optical therapeutic window that results in a controllable, rapid increase of temperature , Wang et al. [2012] and Huang et al. [2006] ).
As the human skin tissues can barely absorb light with a wavelength between 700 nm to 900 nm, near infrared (NIR) light can be applied to optically penetrate biological tissues and thus to irradiate suitable GNPs injected inside superficial tumours (Bashkatov et al. [2005] ). As the peak of this resonance absorption can be tuned depending on the size and shape of GNPs, Loo et al. [2005] , Melancon et al. [2008] , Huang et al. [2009] and Huang and El-Sayed [2010] have explored different types of GNPs including nanospheres, nanoshells and nanorods. The latest have been shown to be particularly effective for heating of the tissues due to their relatively strong plasmonic resonance (SPR) in the near infrared spectral range within an optical tissue window. According to Jain et al. [2006] , the calculated SPR absorption efficiency of gold nanorods were much higher than nanospheres and nanoshells. Additionally, the SPR of nanorods could be highly controllable by modifying their aspect ratio. Cai et al. [2008] explained that due to the complicated structure of nanoshells, manufacturing nanorods were rather easier than producing nanoshells. However, the effects of nanorod orientation and possible electromagnetic interaction between the closely spaced nanorods on the plasmonic absorption have not been quantitatively studied yet. As was shown by Nikoobakht et al. [2000] , Caswell et al. [2003] and Sun et al. [2008] , the volume fraction of the solution can result in preferred orientation or self-assemblies of gold nanorods (GNR). Also, Jain and El-Sayed [2008] calculated that the aggregation of gold nanorods can cause a significant shift of the surface plasmonic resonance (SPR) wavelength of gold nanorod. Since the heating ability of gold nanorods highly depends on their optical properties, the heat generation in GNRs solutions of a certain concentration can be possibly affected by the effects of the self-assemblies. However, the impact of various concentrations on the optical properties and the heat ability of GNR solutions when the solutions are exposed to a light source have not been analysed. The current paper explains the in-depth cause of the varying heating capability of GNR solutions using both computational and experimental methods. Discrete dipole approximation (DDA) based on Mie theory was applied to calculate the optical properties of a single GNR and GNR dimers with various gaps within the assemblies. In parallel, the optical experiment was performed where the transmission and reflection of suspended nanorods at various volume fractions were measured to investigate their capability of absorption. The numerical predictions have been compared with the optical experimental results to obtain a comprehensive understanding of the effects of nanorods orientation and their aggregation. The temperature increase of solutions exposed to near infrared light was also measured in the laboratory experiments at various volume fractions of suspended nanorods to investigate the impact of the affected optical properties on heat generation efficiency of GNR solutions which has not been investigated in previous studies.
METHODS

Optical Experiment
The diameter of investigated GNR was 10 ± 1 nm and the axial length was 38 ± 3.8 nm. Thus, the aspect ratio (AR) and effective radius were around 3.8 and 8.9 nm. From the specification provided by the manufacturer, the plasmonic resonance of the GNR solution was equal to 780 nm. Both optical and thermal experiments were performed with a same batch of GNR solutions of various concentrations being used. 6 samples of water based GNR solutions were examined by a spectrophotometer. Absorbance of the samples was calculated using the following equation:
= log 10 0 = 2 − log 10 ( × 100)
where A and T were the absorbance and measured transmittance of the samples, P was the light intensity the sample received and 0 was the light intensity transmitted through the samples.
The volume of each sample was 1 × 1 × 3.5 cm 3 . The concentration shown in Table 1 indicates the number of GNRs per millimetre. Sample A contained pure water while Sample F had GNR solution purchased from Sigma-Aldrich in which according to the specification sheet provided by the manufacturer, the every millimetre solution contained at least 30 µg of gold. In samples B, C, D and E, the same GNR solution was diluted by different amount of water to obtain different concentrations/volume fractions of GNRs (see Table 1 below). It should be noted that the use of water as a host medium leads to the radical simplification of the radiative transfer problem. The radiation is not scattered in pure water and the scattering of NIR radiation by suspended nanoparticles is also negligible. On the contrary, all human tissues are strongly scattering media in the therapeutic window. As a result, the propagation of radiation in human tissues with embedded nanoparticles is much more complicated (Dombrovsky et al. [2011] ). Table 1 Thermal Experiment In the thermal experiment, Samples D, E and F were used because the temperature increase in the samples with low concentration was not significant. For the light source the Hydrosun ® 750 lamp was used with an FB780-10 bandpass filter. The bandpass filter, which had nearly 60% transmission at 780 nm wavelength, was applied to provide a plasmonic resonance of GNRs in the optical window of biological tissues. The specific light intensity of the Hydrosun ® 750 lamp was previously analysed by present authors (Dombrovsky et al. [2015] ). The sample was wrapped by Supperwool and then reflective tape to ensure the insulation and to limit the error of the experiment. The surrounding area of the sample was not exposed to the light source to prevent heating from the sides. Thermocouples were applied to continuously measure local temperature at two locations inside the samples. The averaged value of temperature increase at measured locations after a 300 seconds' exposure to the filtered light source is presented in Table 2 .
Numerical Methodology Discrete dipole approximation (DDA) introduced by DeVoe [1964] has been considered as one of the most flexible and reliable method for calculating the optical properties of particles with arbitrary geometries. By using this approximation, the target is replaced by an array of point dipoles (polarisable points). The electromagnetic scattering problem for an incident periodic wave interacting with this array of point dipoles is then solved essentially exactly. In the current study, a DDA code named DDSCAT 7.3 was applied to calculate the absorption and scattering efficiency of gold nanorods. Draine and Flatau [1994] developed and validated the DDSCAT code based on Mie theory. A detailed explanation of Mie theory can be found in the book ( Dombrovsky and Baillis [2010] Jain et al. [2006] have adopted this code to analyse optical properties of gold nanoparticles and assemblies thus the numerical method was reliable.
In DDSCAT, the size of the target is characterised by the "effective radius" to calculate the arbitrary geometry. The effective radius equals the radius of a sphere, which has an equivalent volume V.
Since the solution was water based, the refractive index of water, 1.33 + 0i, was applied as the refractive index of the ambient at all wavelengths. McPeak et al. [2015] measured the values of the complex dielectric function of gold at various wavelengths using a thin film of gold. However, when the target dimension was smaller than the mean free path length of electrons in the bulk material, the limitations to electron collisions within the particle would change the dampening constant of conduction electrons. This would result in size-dependent dielectric constants which are different from the dielectric constants of the bulk material. Vollmer and Kreibig [1995] developed a model to modify the real and imaginary components of the dielectric constant. This size effect need be considered and the complex dielectric function measured by McPeak et al. [2015] need be modified in the current case.
The real and imaginary components of the bulk dielectric constant can be calculated using the refractive index of the bulk material:
where n is the index of refraction and k is the index of absorption.
The modified dielectric constant can be expressed as:
where was the frequency of the incident electromagnetic wave. According to Ordal et al. [1985] , the value of bulk plasmon frequency was taken as 9.03 eV and the relaxation frequency of the bulk material as 0.072 eV. The effective relaxation frequency, , can be expressed as:
where the value of the Fermi velocity is equal to 1.4 × 10 6 m/s and the value of the surface scattering parameter is equal to 0.3 (Novo et al. [2006] ). The effective mean free path , was taken to be equal to the length of GNR.
RESULTS AND DISCUSSION
Experimental Results For gold nanorods the plasmon absorption splits into two bands corresponding to the oscillation of the free electrons along and perpendicular to the long axis of the rods (Devaty and Sievers [1985] and Perenboom et al. [1981] ). The transverse mode shows a resonance at about 520 nm, while the resonance of the longitudinal mode is red-shifted and strongly depends on the aspect ratio (AR defined as the ratio of the length to width of the rod) of the nanorods. The presence of these two modes can be clearly observed in the results for the absorbance at 520 nm and 780 nm measured in the optical experiment and shown in Figure 1 . The black line in Figure 1 indicates the maximum of absorbance depending on wavelength which slightly shifts to the red spectrum. As known from the literature ) a red shift of the wavelength of the SPR occurs due to aggregation of nanoparticles. So that a slight red shift in longitudinal SPR (see Figure 1) can be attributed to GNR aggregations, formed with the increase of volume fraction of GNRs. It should be noted that the increase of absorbance diminishes with the increase of concentration of GNRs in the solution with reference solution (Sample F). The difference of absorbance between Sample E and Sample D was 0.19, while the increase of absorbance in Sample F was 0.16. These results suggested that for medical treatment an appropriate volume fraction of GNRs should be identified and applied to generate necessary amount of heat to prevent injecting too much gold. Therefore, it is important to quantify the relationship between the capability of heat generation and the volume fraction of gold nanorods solutions. Table 2 shows the results of absorbance and temperature increase in the solutions of the optical and thermal experiments obtained at 780 nm wavelength. The averaged values of local temperature increases were recorded after a 300 seconds' exposure to the filtered light source. The values presented in Table 2 for the temperature increase are the differences between the increase in each sample and the temperature increase in the Sample A (pure water) which was 0.051 K. A correlation with absorbed intensity measured in the optical experiment can be seen in Table 2 . When the volume fraction of GNRs in the samples changes from 0.93 × 10 −6 to 1.24 × 10 −6 , both the absorption and heat generation show obvious increases. In Sample E the absorbance increased by 0.19 causing temperature increase 0.25 degree higher than in the solution with lower concentration, whereas in Sample F the absorbance increased by 0.16 causing temperature increase 0.1 degree higher than in Sample E. One possible reason of the insignificant increase of temperature in Sample F could be that there were more light scattered by Sample F than by Sample E. The results of the optical and thermal experiments confirm that the heat generated in the solutions depends on the light energy which could be potentially absorbed by the GNRs. As can be seen from Table 2 in sample E the temperature increase is by around 0.42 degree which is only 0.09 degree lower than in the reference solution (Sample F). GNRs solution with a volume fraction of 1.24 × 10 −6 therefore is the most appropriate solution in this case, because it can generate a similar amount of heat as the reference solution, with less material which is beneficial in terms of cost and possible toxicity. Numerical Predictions Discrete dipole approximation (DDA) was applied to calculate the optical properties of a single GNR and GNR dimers. The optical properties of a single GNR highly depend on the angle (α) between its optical axis and the propagation direction of the light. Figure 2 presents the calculated absorption efficiency of a single AR = 3.8 GNR at various orientations. As can be seen from Figure 2 , the wavelength of longitudinal SPR of the single GNR is around 800 nm and does not change with the angle. The wavelength of the transverse SPR is around 500 nm, which is same as the value obtained in the experiment. The dash line in Figure 2 indicates the average absorption efficiency of GNR at different orientations. The highest absorption efficiency was achieved when the axis of GNR was perpendicular to the incident light. However, the absorption efficiency at the wavelength of longitudinal SPR (around 800 nm) was nearly 0, when the axis of GNR was parallel to the incident light. The magnitude of transverse SPR was less than 1 so it was insignificant compared to the longitudinal SPR. Although the GNR showed a high absorption efficiency at the wavelength of longitudinal SPR, the orientations of the GNRs suspended in water can cause the absorption efficiency vary from 12 to nearly 0. Figure 3 shows the linear relationship between the absorption efficiency and sin 2 α of the GNR. The absorption efficiency of 5 different orientations at 810 nm wavelength is presented. The predictions indicate that optical properties of GNRs highly depend on the angle between its optical axis and the propagation direction of the light source. More specifically, the highest absorption efficiency of an independent GNR occurs when the GNR is perpendicular to the propagation direction of the incident light. However, the absorption efficiency could be as low as nearly 0 when the optical axis of the GNR is parallel to the propagation direction of the light. As can be seen from Figure 4 , the wavelength of longitudinal SPR and the extinction efficiency at this wavelength increase linearly with the aspect ratio of the GNR. Results shown in Figure 4 are obtained for perpendicular orientation of the GNR ( α = 90° ) with effective radius being fixed at 8.9 nm. The wavelength of the SPR for GNR with aspect ratio AR = 3.8 calculated from linear equation shown in Figure 4 (a) is 810 nm which is the same as obtained from DDA predictions shown in Figure 2 . The plasmonic resonance of absorption efficiency also showed a linear relationship with the aspect ratio as shown in Figure 4 (b). It should be noted that the absorption efficiency presented in Figure 4 (b) was obtained for each aspect ratio at correspondent SPR wavelength shown in Figure 4 (a). The wavelength of longitudinal SPR of AR = 3.8 GNR solutions measured in the optical experiment was equal to 780 nm whilst calculated using DDA method wavelength of longitudinal SPR of a single GNR was around 810 nm. This slight discrepancy between experimental and numerical results can be explained from the fact that in the numerical calculation, a single GNR in the size of exact 10 × 38 nm was analysed. However, the width and length of the GNRs in the solution as specified by manufacturer, could vary by up to 10% of this size, thus the aspect ratio may not be exactly 3.8 and could vary from 3.36 to 4.33. The difference could also be caused by the aggregations of GNRs in the solutions. More specifically, the wavelength of the SPR of a single GNR could vary from 700 to 1100 nm depended on the configuration as shown in Figure 5 and Figure 6 when GNR aggregations formed in the solution. Figure 5 . Absorption efficiency of end-to-end assembly with various gaps. Figure 5 and Figure 6 present the shift in the wavelength of the SPR for two types of aggregations with various gaps between nanorods. Vector �⃗ indicates the electric field of the incident light, propagating along the �⃗ direction. In the assembly model shown in Figure 5 , the GNPs were placed in end to end configuration. In the assembly model shown in Figure 6 , the GNPs were located side by side. The variable distances between GNRs were used varying from 1 nm to 50 nm. As can be seen from both figures, optical properties of GNRs become almost independent and similar to a single GNR, when the distance between two nanorods is increased to 50 nm. As shown in Figure 5 , the SPR of the end-to-end assembly experienced a red shift from 810 nm to over 1100 nm when the gap was 1 nm because this type of aggregation of GNRs effectively enlarged the value of aspect ratio of a single GNR which is in agreement with results predicted by Sun et al. [2008] and Jain and El-Sayed [2008] . Although the absorption efficiency of the end-to-end assembly with a small gap was significantly higher than a single independent GNR, the longitudinal SPR wavelength was around 1100 nm, which is not within the range of the optical tissue window. Therefore, the aspect ratio of either GNRs or GNRs aggregate should not be too large. Figure 6 . Absorption efficiency of side-by-side assembly with various gaps.
For side by side configuration shown in Figure 6 when the distance between GNRs was about 50 nm or less a blue shift and broadening of the resonance peak in the optical spectrum was obtained. The most significant shift was observed in particularly when the distance was smaller than 10 nm. The blue shift when the gap was shorter than 50 nm can be caused by effective decrease of aspect ratio when the side-by-side assembly is used. By analysing the experimental and numerical results shown in Figure 1 , Figure 5 and Figure 6 , it can be concluded that the GNRs in the samples possibly formed numerous side-by-side assemblies because the longitudinal SPR measured in the experiment was around 770 nm wavelength. With the increase of the concentration, the GNRs also formed some end-to-end assemblies, therefore a slight red shift of SPR was observed as shown in Figure 1 . As potential future studies, surface treatment of GNRs and an electrical field can be applied to intentionally build similar structures of GNR aggregations for biomedical applications.
CONCLUSON
Identifying the volume fraction and particle size of GNR solution is one of the most critical tasks when irradiated GNRs are used for biomedical applications. To obtain an insight which can be useful for selection of GNR solutions, a systematic investigation of the optical properties and radiation efficiency of GNR solutions and aggregations, were undertaken for AR = 3.8 GNRs. By comparing the results of optical and thermal experiment, it was found that GNR solution with a volume fraction of 1.24 × 10 −6 would be the most efficient solution because the temperature increase of the solution with this concentration was similar to the temperature increase of the solution of the higher concentration. The numerical relationship between the optical properties and the shape and the orientation of nanorods predicted by DDA can contribute to an easier and faster calculation of the optical properties of GNRs. The spectrum of end-to-end and side-by-side GNR assemblies showed a shift and broadening of the resonance peak when the distance between the nanorods was about 50 nm or less. Moreover, when the gap was smaller than 10 nm, the SPR can shift significantly thus the heating ability of GNR solutions highly depended on the concentrations.
